A SiN membrane based MgB2 thin-film bolometer, with a non-optimized absorber, has been fabricated that shows an electrical noise equivalent power of 256 fW /-.JHz operating at 30 Hz in the 8.5 -12.35 11m spectral bandpass. This value corresponds to an electrical specific detectivity of 7.6 x 10 10 cm-.JHzIW. The bolometer shows a measured blackbody (optical) specific detectivity of 8.8 x 10 9 cm-.JHzlW, with a responsivity of 701.5 kV/W and a first-order time constant of 5.2 rns. It is predicted that with the inclusion of a gold black absorber that a blackbody specific detectivity of 6.4 x 10 10 cm/-.JHzlW at an operational frequency of 10Hz, can be realized for integration into future planetary exploration instrumentation where high sensitivity is required in the 17 -250 11m spectral wavelength range.
The superconducting critical temperature (T" = 39K) of the simple binary, intermetallic MgB2 [1] makes it a very good candidate for the development of the next generation of electro-optical devices (e.g. [2] [3] [4] [5] [6] ). In particular, recent advances in deposition techniques to attain high quality polycrystalline MgB2 thin-film deposited on SiN-Si substrates, with T, ~ 38K [7] [8] [9] together with the observed low voltage noise performance of the film makes it highly desirable for the development of sensitive high-Tc bolometers [10] [11] [12] . Immediate applications will be in far infrared (FIR) instrumentation, operating in the 17 -250 !lm spectral wavelength range, for high-resolution spectroscopy and thermal mapping of cold planetary objects in the solar system. To highlight the need for higher sensitivity bolometers, consider instruments such as the Composite Infra-Red Spectrometer (CIRS) [13] on board the Cassini spacecraft, presently orbiting Saturn and its moons. It has a FIR focal plane that comprises of two single BiTe thermal detectors operating at 170K; each detector with a specific detectivity, D', of -3 x 10 9 cm"HzlW near the low frequency end of a 0.4-to-30
Hz band pass. Observations of the south polar region of Enceladus [14] showed the lack of sensitivity and spatial resolution of the CIRS FIR thermal detectors. However, a focal plane made up of a 2-D array of MgB2 bolometers, with smaller pixel sizes, higher sensitivity and faster time constant would have enabled higher resolution thermal mappmg. Therefore, future planetary missions [15] , to the gas giants, ICY moons, asteroids and comets, Jupiter and beyond, utilizing· remote sensing far-infrared spectroscopic and radiometric instrumentation will greatly benefit from 2-D arrays of thermal detectors with improved D' and faster T . Theoretical calculations for an ideal high-To bolometer operating at 39K gives a background limited detectivity of In this paper, we present a design for a MgB2 thin-film bolometer pixel geometry with constraints on thermal heat capacity, thermal conductance and fabrication processes.
A processing procedure for fabricating a lOx 10 bolometer pixel array is outlined. For one of the arrayed pixels we present results of (i) resistance as a function of temperature, R(T), measurements which establishes the effective thermal conductance, (ii) voltage responsivity as a function of frequency, lJtv(f), measurements to establish the effective time constant and (iii) noise voltage spectra, V, (f), measurements near the mid-point of the superconducting transition in order to establish the electrical noise equivalent power, NEP" and hence the electrical specific detectivity, D: . The paper then compares the predicted performance of the bolometer tested in this work with state-of-the-art high-Te bolometers in the literature. This is followed with a discussion on how increasing the absorption efficiency of the pixel and using an encapsulation layer to protect the MgB2 thin-film from degradation will lead to higher sensitivity bolometers. Finally, the paper concludes with some recommendations for future work.
MgB2 bolometer design
The bolometer design consists essentially of a MgB2 thin-film resistive meander strongly coupled to an absorber deposited on a thin SiN membrane thermally isolated from a silicon frame using a 4-leg geometry. There will be a trade off between high responsivity and faster time constant, but these relationships are a good starting point for establishing the required thermal isolation for the bolometer design. However, several practical considerations place a lower limit on the geometrical size (hence thermal heat capacity), for instance (i) to detect diffraction limited FIR radiation to a cut-off wavelength, Ac = 250 !lm, will require an absorber area of'" 250 !lm x 250 !lm; (ii) the quality of grain morphology in polycrystalline MgB2 thinfilm will dictate the fidelity of pattern delineation and minimum width resolution in the etching process with regard to both etch selectivity and under etch and (iii) the MgB2 thin-film resistance needs to be large enough to have good responsivity and also to have ease of electronic readout, i.e., in order to avoid using bulky impedance matched transformers. So the approach taken in this work is to first establish a good estimate of the thermal heat capacity of a practical bolometer that can be fabricated using standard photolithographic processes and then use this value to evaluate the optimal thermal square pixel size bolometer structure, with and without a gold black absorber are given in Table 1 . For a bolometer with the following parameters C = 8 nJ/K, Lo = 0.3, Tm = 36K, Rm = 1 kn, w = 2007[, and ex = 9 [1 I] gives a thermal conductance of'" 500 n W IK; this value is used for designing the thermal isolation leg geometry, see Table 2 .
Experiment

Bolometer Array Fabrication
The starting material for the fabrication process was a silicon-on-insulator 4-inch diameter, 420 Ilffi thick Si <100> handle wafer with the following successive coatings: 
R(T), ffi, (f) and V. (f) measurements
R(T) transition curves, at current bias levels I IlA and S IlA, were obtained using a standard 4-wire resistance method with a programmable current source and a voltage meter under computer control. The array was mounted to a thermal standoff in a light tight liquid He cryostat designed to have a temperature drift < 60llKis over the temperature range of operation. The bolometer temperature was monitored using a silicon diode (± 0.02 K) configured to a PID temperature controller also under computer control.
The voltage response as a function of frequency , V,(f), of the bolometer was measured using a 763 K chopped blackbody radiation source. The cryostat dewar is fitted with a warm KRSS window (0.6 -60llm) at'" 300 K and a cold filter (8.S -12.3Sllm) at '" 1 0 K with transmission efficiencies of 70% and 85% respectively. The geometrical arrangement of blackbody source and transmissive optics gives rise to a f /# '" 23, with a spot size at the bolometer array plane that substantially overfills the pixel and frame dimensions. Taking into consideration the transmission efficiencies of the window and cold filter, the total radiation power irradiating the bolometer pixel receiving area is 4.68 nW. The absorption efficiency (emissivity), 1'/, of the bolometer pixel receiving area is calculated from the ratio of electrical to blackbody NEP, i.e. ' 11 = NEP, / NEP bb , (see §4.2).
For the voltage noise spectra measurements, a battery operated low noise operational amplifier (LNA) and a HP3582A spectrum analyzer were configured to measure the power spectral density of the MgB2 thin-film thermistor. A 12.5 Y battery in series with a wire wound bias resistor (2.5 Mil) in a shielded box provides the low-noise constant current source. The effect of the bias circuit noise can be ignored when the bias resistor is much larger than the resistance of the bolometer at mid-point [11] . The cryostat dewar, Figure 2 shows R(T) transition curves for bolometer device #E4 operating in the constant current mode for two bias levels 1 ~A and 5 ~A. The device geometry for this bolometer, pixel design C, is given in Table 2 The effective thermal conductance is 79 nWIK and the destabilization current is '" 6~A. 2nJlK, see Table 1 .
3 Results
Voltage noise spectra, V. (J) , using a 5 !-LA current bias, were measured using 64 averages, for several temperatures within the superconducting transition, see Figure 5 .
The voltage noise spectrum for a resistance R = 1516 n (close to the mid-point of transition) is shown in Figure 6 , together with the measurement system baseline noise.
The system noise baseline is established by measuring the voltage noise spectrum when the MgB2 thin-film is superconducting. This is equivalent to a shorted input of the noise measurement system but additionally gives the noise contributions of wiring and contact resistances within the cryostat. In Figure 6 , the 1516 n raw noise spectrum is smoothed with a number of successive median filters to within < 5% error and subjected to gain Table 3 gives the performance of the bolometer tested together with the predicted blackbody D:"s for a bolometer coated with absorption layers with better efficiencies. are also plotted and shows that there is still room for marked improvement.
Discussion
Comparison with existing high-Tc bolometers
bifluence of pixel absorber 4.2.1 MgB 2 -SiN absorber
In Figure 8 , the invariant detectivity for the bolometer pixel tested in this work with no efficient absorber is shown. In evaluating this figure-of-merit, the absorption efficiency was calculated, using the relationship Tj = NEP, / NEP bb , to be "" 11.6% for a bolometer pixel receiving area of 250 11m x 250 11m in the 8.5 -12.35 11m spectral radiation band.
This value is consistent with the low but different absorption efficiencies of the MgB2 thin-film resistive meander ("" 67% of pixel receiving area) and the remaining exposed SiN membrane, see Figure 1 . The MgB2 thin-film in this spectral region has an absorption efficiency of"" 14% [32] and the SiN membrane shows a strong broad Si-N absorption feature at 7.871lm [33] [34] with an absorbance between"" 3% and 19% within the 8.5 -12.35 11m band pass [35] . Since the power contribution is not uniform in this bandpass, the weighted average absorbance is calculated for 111m wavelength steps, this gives a SiN membrane absorbance of II %. The combined effect of MgB2 thin-film and SiN membrane absorbance gives the overall weighted average absorption efficiency for the pixel of"" 13%.
Influence of cavity underneath pixel
The bolometer array is epoxy bonded onto a gold coated ceramic package; therefore a cavity of"" 500 11m (much greater than required for cavity resonance) exists underneath the pixel, comprising the thickness of the silicon frame and the epoxy bond. In the D:
evaluation it was assumed that the blackbody radiation not only overfills the pixel area but that it is well collimated so that all the source radiance that enters into the cavity at nonnal incidence reflects out and does not irradiate the back of the pixel. Since the goldcoated ceramic is not an ideal mirror then spurious reflections can account for irradiance onto the back of the pixel. In the worst-case scenario i.e., where all the radiation that enters the cavity reflects from the gold coated ceramic at 60% reflection efficiency and irradiates the back of the SiN membrane pixel with a 11 % absorption efficiency then a worst-case electrical specific detectivity of 4.2 x 10 10 cm-vHzIW is evaluated. It is therefore reasonable to report an electrical D; between 4.2-to-7.6 x 10
10 cm-vHzIW operating at 30Hz for the bolometer characterized in this work.
Space matched and gold black absorber
If a space matched bismuth coating with a sheet resistance of 188 n /square (50% absorption in all wavelengths up to 250~m) is deposited on the pixel receiving area then the measured optical detectivity, D: b -8.8 x 10
9 cm-vHzlW is predicted to improve to '" 3.8 X 10 10 cm--lHzlw, however the time constant of the bolometer will increase from '" 5 ms to ::::: 14.5 ms due to the extra thermal heat capacity of the Bi absorber, see Table I .
However, for the same pixel receiving area, if a 12 ~m thick gold black coating with a material density of 174 Kg/m 3 is deposited that has'" 85% absorption efficiency in the 20 -250 ~m spectral band [36] then the optical detectivity is predicted to improve further to '" 6.4 x 10 10 cm-vHzIW with a time constant of '" 18 ms, again due to the increase in thermal mass, see Table I . Figure 8 shows the predicted D;b and or values for the bismuth and gold black coating i.e., !!1 '" 3.1 X lOll crn/J and '" 4.8 x lOll cmll respectively, for comparison the theoretical '" for a 39K thermal detector operating at '" 1 0 Hz is 2.2 X 10constructed in this work is a factor of'" 46 away from what is theoretically possible and '" 2.5 from the findings of a previous paper [11] where it was predicted that an optimized phonon noise limited bolometer with aD;. -1.6 x 1011 cm'<'HzlW operating at 30Hz
could be realized based on 1/ f (excess) noise measurement of an etched MgB2 thin-film resistor.
MgB2 thin-film aging
The bolometer device pixel was characterized approximately 2-years after the bolometer array was fabricated. Although the bolometer array was stored under a soft vacuum, the room temperature MgB2 thin film meander resistance increased from 3500 n to 5200 n, a '" 1.5 fold increase. The superconducting transition properties also changed with aging, !:J.T increased from 0.2 K to 0.35 K, Tmid decreased from 37.12 K to 36.47 K and Rm increased from 1000 n to 1634 n. It is unclear whether the increase in the electrical resistance at the mid-point of the superconducting transition is also indicative of an increase in the thermal impedance of the film, a key parameter in evaluating the optimal thermal conductance for the bolometer design (see §4.5). A necessary requirement for future bolometer arrays for FIR instrumentation will be to ensure that the MgB2 thin-film thermistors are robust in air at atmospheric pressure during the integration cycle; it is therefore essential that a good passivation scheme be developed. The results of the aging study will be reported in a future paper.
Optimal thermal conductance
The thermal conductance, 315 nWIK, from R(T) measurements is significantly smaller than the optimal design value of;::: 500 nWIK arrived at using estimated parameters (see §2). If the measured parameters, Lo = 0.75, and a = 5.8 are used, with all other parameters remaining the same, then Gop, = 400 nWIK. Also, for the optimal design value of 500 nW/K the isolation leg geometry was designed using a MgB2 thin film thermal conductivity of 7 W/m/K, an average value established from two works in the literature, see Table 2 . The measured thermal conductance of 315 nWIK and the recalculated value of 400 nWIK would indicate that the MgB2 thin film thermal conductivity is between 3-to-5 W/rn/K at 36K, a value more consistent with the findings ofPodder et al. [37] .
Future work
At this stage of development, improvements will focus on (i) refining the photolithographic processes in order to fabricate a second generation bolometer array with higher pixel yield; (ii) developing a reliable and robust passivation layer that fully encapsulates the MgB2 thin-film meander, including the sidewalls and also to ensure that the passivation layer has good adhesion to the SiN membrane; (iii) investigating whether a thinner MgB2 film, with the same or superior superconducting properties, can be used in order to reduce thermal heat capacity; (iv) developing an efficient absorber layer with minimum heat capacity in order to improve the time constant and (v) integrating a
Winston cone concentrator in front of a bolometer pixel and repeating the characterization. Future work also includes radiometric characterization of bolometer pixels with different leg geometries in order to further understand the MgB2 film/SiN thermal conductance so that models can be improved in order to design and fabricate bolometers with better performance.
Summary
A SiN membrane based MgB2 thin-film bolometer, with a non-optimized radiation absorber, has been designed, fabricated and tested that shows a D; .. . ,
-, -... [41] . [42] . add extra 6% Iffulliegs are taken mto consIderatIOn 3.8 x lOw cm'iHzlW G 10Hz Predicted blackbody D* (Au-black absorber) 6.4 x lOw cm'iHzlW @) 10Hz
